Introduction
Regenerative medicine, including cell therapy and tissue engineering, replaces or regenerates human cells, tissues or organs, to restore or establish normal function, and it is one of the fastestevolving interdisciplinary fields in healthcare research. 1 It has the potential to tackle many major health problems such as cardiovascular disease, metabolic diseases, cancer, brain and spinal cord injury, as well as organ failure. [2] [3] [4] [5] So far, over 200 regenerative medicine products, including cell-based therapies, tissue-engineered biomaterials, scaffolds and implantable devices, have been in clinical development for diseases such as diabetes and inflammatory and immune diseases. 6 Despite these efforts, unfortunately, few products have negotiated the arduous path to clinical applications, which have been challenged by a range of scientific and engineering questions such as the biomanufacturing of stem cells or tissues (the actual production, packaging, and delivery of a well-defined product), the understanding and control of micro-environmental signals, and the assessment of the efficacy of therapies.
The emergence of nanotechnology offers promising perspectives to address these challenges. First of all, the nanoscale of nanomaterials offers comparable sizes to biological molecules and thus improves the interactions between them. Second, nanoscale structures are able to control cellular functions such as adhesion, proliferation, and differentiation. Third, nanomaterials with unique optical and magnetic properties are ideal contrast agents for monitoring cellular behavior in vivo following a transplantation. To substantiate these points, we have seen the application of nanofibrous materials that mimic native extracellular matrix, thereby promoting the adhesion of various cell types. These nanomaterials were subsequently developed as tissue-engineered scaffolds for skin, bone, vasculature, and other tissues. [10] [11] [12] [13] [14] In addition, nanostructures and nanofibrils have also been shown to control the behavior of primary stem cells such as adhesion, growth and differentiation. [15] [16] [17] To visualize and track cellular motility, superparamagnetic iron oxide nanoparticles have been developed, which allow non-invasive monitoring of cells in a living organism. [18] [19] [20] [21] [22] Among these interesting techniques, magnetic nanoparticles (MNPs) are particularly attractive due to their unique magnetic properties and unique dimensions. 23 Represented by magnetite nanoparticles (Fe 3 O 4 NPs), MNPs are often made in sizes smaller than 20 nm in diameter and their magnetization directions are subject to thermal fluctuations at room or biological temperatures. Therefore, without an external magnetic field, their overall magnetization value is randomized to zero. Such fluctuations in magnetization direction minimize the magnetic interactions between any two dispersed NP, which makes the dispersion stable in physiological solutions and facilitates coupling of NP with biological agents. On the other hand, once these MNPs are exposed to an external magnetic field, they can align along the field direction, achieving magnetic saturation of a magnitude that far exceeds that from any known biological entity. This unique property of MNPs allows not only the detection of biological samples that contain the MNP, but also the manipulation of these biological samples by an external magnetic field. [24] [25] [26] [27] [28] [29] [30] In comparison, optically active NPs such as quantum dots, gold NPs, and upconversion NPs are limited to superficial applications due to the penetration depth of related optical methodologies. 21 >Carbon-based materials have unique optical, electric, and even magnetic properties, but require thorough study of their biocompatibility. 31 Gas-filled nano/microbubbles allow remote control and visualization by ultrasound technologies, but suffer from a short halflife in biological systems and technical challenges in functionalization. 32 The aim of this paper is to provide an updated, comprehensive and systematic review of MNPs for regenerative medicine. Special emphasis will be placed on the fundamental background of regenerative medicine and its unmet challenges and how the innovation and utilization of MNPs can help address these needs and thus facilitate the translation of MNPs to regenerative medicine. In general, successful translation to regenerative medicine needs collaboration between researchers from different disciplines, including materials, nanotechnology, and molecular biology.
The unmet challenges in regenerative medicine
Major improvements in healthcare all over the world in terms of sterilization techniques, the availability of off-the-shelf replacements for body parts, and advances in drug delivery techniques have contributed to an increase in lifespan, while evident changes in lifestyle (to being more physically active) also contribute to a high demand for tissue replacements. Collectively, the need for tissue replacements and drug delivery devices provided the motivation for the development of regenerative medicine (including tissue engineering). In fact, the beginning of regenerative medicine could be traced back as early as 1902 (Alexis Carrel) in the field of 33 In the use of materials as grafts, gold plates were probably one of the first biocompatible materials that were used (as bone replacements) back in the 16th century. 34 Since then, the field of regenerative medicine has seen significant progress, owing to our improved understanding of tissue and organ epidemiology, as well as disease etiology and traumatology. [35] [36] [37] Although the gold standard of replacement remains the autograft, the lack of appropriate autografts, combined with the increasing demand for tissue replacements, fuels the need for the development and clinical translation of biomaterials. The approach to regenerative medicine varies according to the requirements of the target tissue and organ, as most people would expect. Therefore, there are distinct principles from which regenerative medicine may proceed, for which we have proposed the following five central areas: biomaterials, cells, bioreactors, growth factors, and bioimaging. 38 Given the biological complexity and structural make-up of our native tissue, it is not unusual that an applied regenerative technique combines two or more of these areas. For example, Liu et al. employed bioactive polycaprolactone-tricalcium phosphate (PCL-TCP) threedimensional (3D) scaffolds that were seeded with MSCs and endothelial colony-forming cells (ECFCs) and showed that this combination resulted in higher osteogenic and angiogenic expressions compared to a PCL-TCP MSC-only group. Corresponding studies in the mouse revealed that host neovascularization increased 2.2-fold. 39 In another example, Zhang et al. combined PCL-TCP scaffolds with MSCs that had been cultured in a dynamic biaxial rotating bioreactor and demonstrated enhanced osteogenicity in vitro. 40 In the approach taken by Khademhosseini, hyperbranched polyesters (HPE) were used to encapsulate hydrophobic drugs, which exhibited sustained release. 41 By functionalizing HPE with photocrosslinkable acrylate moieties, the modulus of HPE was tuned to facilitate cell adhesion, spreading, and proliferation. Wulkersdorfer et al. combined polyglycolic acid meshes with growth factors for the generation of tissue-engineered small intestine (TESI) and showed that the type of growth factor incorporated could manipulate the surface area of neomucosa and TESI morphology. 42 From the above examples, we can clearly see the importance of the combined use of biomaterials, cells, bioreactors, and growth factors in regenerative medicine research. Although these approaches are becoming more dynamic and perhaps closer to clinical translation, there remains the need to develop techniques to control the fate and function of engineered tissues to achieve therapeutic effects in vivo. An unfortunate but classic example of our apparent lack of understanding and control would be the use and off-label use of recombinant human bone morphogenetic protein-2 (rhBMP-2), as reported between 2008 and 2010. [43] [44] [45] Although the Food and Drug Administration (FDA) has approved the clinical use of rhBMP-2 in the lumbar spine together with the lumbar tapered cage, it does not have approval for use in surgical interventions such as anterior cervical fusion applications, posterior lumbar interbody fusion and transforaminal lumbar interbody fusion (TLIF). As a result of off-label use, 4 patients suffered from delayed symptomatic neural compression. Worryingly, 85% of the principal surgical procedures that were conducted in the United States using rhBMP-2 for off-label applications took place without understanding the clinical consequences of its off-label usage. In this light, we feel that more may be done to control the fate and function of engineered tissue in order to achieve therapeutic effects in vivo. On this note, there are few minimally invasive methods of control that we may apply without post-surgical intervention. To the authors' knowledge, this is the first instance where we comprehensively review how post-surgical control of the fate and function of cells and/or scaffolds may be achieved, specifically via the use of MNPs. As mentioned earlier, MNPs possess interesting characteristics that make them ideal candidates to support and augment current regenerative techniques. More importantly, MNPs are compatible with current imaging techniques available in clinics, such as magnetic resonance imaging (MRI), positron emission tomography (PET), and computed tomography (CT) imaging. Fluorescent probes have evidently been investigated and widely studied in the forms of fluorescent proteins, 46, 47 molecular fluorophores, 48, 49 or quantum dots, 50, 51 but are limited to superficial tissues, due to the low depth of penetration of the imaging tools specific for fluorescent probes. In addition, the decay of fluorescence intensity over time is a concern. Therefore, currently MRI aided by MNPs is still the mainstream effective method in clinics for non-invasively tracking transplanted cells and evaluating the efficacy of regenerative medicine.
Swee-Hin Teoh
In the following section, we will outline each of the five main areas of regenerative medicine and the unmet challenges for their translation into clinics after a brief summary of surface modification strategies for MNPs (Fig. 1 ).
MNPs to address unmet needs in regenerative medicine

Surface modification strategies
The physical and chemical characteristics of MNPs are closely related to their size, morphology, and surface chemistry. 52, 53 As their size and morphology contribute more to the physical properties of MNPs, their surface chemistry determines the stability, biocompatibility, and functions of MNPs in biological systems. Herein, we would like to start from an insight into the significance of surface modification of MNPs for regenerative medicine. 3.1.1 Improvement of stability and biocompatibility. To stabilize MNPs in buffers, it is necessary to generate a repulsive force (e.g. electrostatic or steric repulsion) to balance the magnetic and van der Waals attractive forces between MNPs. Monomeric stabilizers such as carboxylates and phosphates are commonly used to introduce surface charge and steric hindrance. Another strategy is to create a biocompatible shell that prevents unwanted degradation and leakage of the magnetic core. The composition of the shell can be either polymers (e.g. polyethylene glycol (PEG), poly(lactic-co-glycolic) acid (PLGA), chitosan, and dextran) or inorganic materials (e.g. silica and gold). Notably, polymeric or inorganic shells provide anchoring sites for further functionalization.
If MNPs are to be used in vivo, the requirements for surface chemistry are stricter. It is well known now that any NPs administered through the blood will undergo opsonization, which creates a protein layer on delivered NPs. This protein layer makes NPs identified and cleared by the reticuloendothelial system (RES). 53 One idea to weaken this effect is to create a stealth coating. Studies have shown that a neutral, hydrophilic coating such as PEG or dextran could reduce the binding of plasma proteins to the NPs' surface. 54 For example, a PEGylated liposome nanocarrier loaded with the anticancer agent doxorubicin, known as Doxil, has been approved for treatment of ovarian cancer and Kaposi's sarcoma since 1995. PEG coatings (5 mol%) effectively reduce the uptake of liposomes by mice peritoneal macrophages to 40% of the value for non-coated forms and significantly increase their plasma circulation time. 55 3.1.2 Realization of specific targeting and enhanced tissue penetration. Although magnetic targeting can guide the delivery of MNPs to certain locations using a magnetic gradient, this technology does not possess specificity. The combination of magnetic targeting with further modification of MNPs by biological targeting moieties such as antibodies and aptamers could improve the efficiency and precision of cellular targeting. For example, to facilitate the isolation of MSCs from bone marrow aspirates, cationic liposomes that were loaded with MNPs (MCL) were mixed with the aspirates followed by 1 hour culturing with shaking. Then, the bone marrow aspirates were transferred into tissue culture dishes, which were placed onto a disk-shaped magnet. Magnetically labeled cells were subject to attraction by the magnetic field. Without conjugation with targeting moieties, only 30% of MSCs were isolated by MCL. When MCL were modified with CD105 antibodies, the isolation efficiency increased to 85%. 56 Another factor to consider is the tissue penetration ability of MNPs. Unlike movement in biological fluids, which is driven by magnetic force (speed is inversely proportional to fluid viscosity), movement of MNPs in soft tissue (e.g. in drug delivery) is more complicated due to the complex composition of tissue. 57 There- surface, which is related to the size, packing density, and architecture of functional molecules.
Stabilizing and functional molecules on MNPs can be roughly divided into polymers (M w larger than 10 kDa) and small molecules (M w less than 10 kDa). Polymers, including chitosan, polyvinylamine (PVA), polyacrylic acid (PAA) and polyethyleneimine (PEI), possess affinity for magnetic materials and can be physisorbed onto an MNP surface via reversible adsorption (e.g. electrostatic adsorption for PEI) without a defined structure. 60 60, 61 A simple way to solve this problem is to choose molecules with low M w (o10 kDa) that strongly bind to the magnetic core. These molecules, such as dopamine and dimercaptosuccinic acid (DMSA), are usually composed of an anchor part, which strongly binds to the MNPs' surface, a short spacer part, which sterically stabilizes MNPs, and a functional part providing additional functionalities. These small functional molecules are mainly placed on the particle's surface via ligand exchange and they form a monolayer by stretching their hydrophilic heads towards their surroundings. Besides their size, the presentation and organization of functional molecules are also related to the packing density of surfactants on a NP's surface. Taking 100 nm polylactic acid NPs as an example, the threshold value of the packing density of PEG (2 kDa) for protein resistance would be 0.2 molecules per nm 2 . 62 Due to steric repulsion, a high M w of PEG will decrease the packing density during grafting. Therefore, PEG with M w between 1.9 and 5 kDa was found to be optimal for surface modification of MNPs in many biomedical applications. 60 The last factor is the architecture of functional molecules on the particle surface. For example, Gillich et al. evaluated the impact of the architecture of the surface coating on the solubility, stability, hydrodynamic diameter, and thermoresponsive behavior of MNPs by grafting linear or hyperbranched PEG by covalent binding of nitrocatechol (anchor group) to the surfaces of iron oxide NPs. 63 Although linear and hyperbranched PEG with similar M w (2737 and 2477 Da, respectively) had similar packing densities on the surface of MNPs (0.69 and 0.73 nm
À2
, respectively), hyperbranched PEG formed a thinner polymeric shell with lower hydration and higher stiffness, which provided higher colloidal stability compared to linear PEG. 63 Besides colloidal stability, the architecture of functional groups on the NP surface would influence their interaction with cells, because an ordered surface conformation can lower the energy barrier during translocation across the membrane. [75] [76] [77] [78] and we have also shown that discontinuous triphasic release of BMP from polycaprolactone (PCL) scaffolds led to a higher bone volume fraction and trabecular thickness. 79 To provide an alternative to or complement BMPs, You et al. intensively studied heparan sulfates (HS), which are glycosaminoglycan sugars. 80 They showed in many studies that HS possess potential osteogenic effects, which may be of interest to the clinical community. [81] [82] [83] [84] [85] In short, we have seen the creation of novel scaffolds with the incorporation of relevant cell types and growth factors. Although this approach that combines cellular therapeutics and growth factors is promising, key challenges such as distribution and retention after delivery impede the success of this technique. For example, retention of peripheral blood mononuclear cells (PBMCs) after various routes of administration to the heart was notably poor. 86 Moreover, the dosage and release profile of growth factors remain a hotly debated topic, 87 while chronic inflammation with the use of transplanted scaffolds reduces the efficacy of regenerative medicine. 88 To address these issues, a potential solution lies in the use of NPs, specifically MNPs, for controlling targeted cell/drug (including growth factor) delivery, 89,90 nucleic acid delivery and transfection. 91, 92 Construction of cell patterns and 3D tissue by magnetic manipulation also holds great promise for scaffold-free tissue regeneration, which will hopefully reduce the inflammatory response caused by scaffold implantation.
Finally, techniques that promote the adhesion and proliferation of therapeutic cells on a scaffold by magnetically self-assembling biological objects with defined nanostructure to mimic an artificial extracellular microenvironment on a scaffold are also highly needed. 3.2.1 Magnetic nanoparticle-aided drug/cell delivery. MNPs have been widely used for targeted delivery due to their response to a magnetic field. [92] [93] [94] [95] [96] [97] They also provide the possibility of controlled release, which is usually significant for the efficacy of regeneration, by the external stimulus of a magnetic field. In terms of regenerative medicine, the delivered cargo could be drugs, growth factors, or cells. A combination of MNPs and scaffolds is usually involved in these treatments. Especially for cell therapy and tissue engineering, significant improvements in cell viability, engraftment and control over the fate of cells have been demonstrated, in contrast to standard cell injection or infusion.
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A possible strategy using MNPs for targeted delivery in regenerative medicine could be: (1) generating localized magnetic gradients near magnetic stents/scaffolds under an external magnetic field for in vivo deposition of drug-loaded MNPs; (2) pre-loading MNPs and cargoes into porous scaffolds and remotely controlling the deformation and volume changes of scaffolds by a magnetic field to deliver biological agents on demand; and (3) engineering cells with MNPs in order to enhance the efficiency of delivery by magnetic manipulation.
Magnetic stents have been developed for localized drug delivery in vascular disease with the aim of reducing the incidence of restenosis (i.e. reobstruction) after stenting. For example, by applying a relatively strong uniform external magnetic field (B1000 G), a 304-grade stainless steel stent wire network was efficiently magnetized and high-level magnetic gradients were generated within the stent ( Fig. 2A and B) . 102 This magnetic stent exhibited nearly superparamagnetic properties (remanent magnetization was around 7% of the saturation magnetization value) and was inert in aqueous environments. The magnetic gradients that were generated could attract MNPs loaded with paclitaxel (200 nm, magnetite, Fig. 2C -E) delivered by a catheter in a rat carotid stenting model, which was hard to target when non-magnetic stents were used, because of the blood flow ( Fig. 2F-M ). Subsequent release of paclitaxel to the surrounding arterial tissue significantly inhibited in-stent restenosis ( Fig. 2N and O) at a relatively low dose of MNP-encapsulated paclitaxel (7.5 mg per stent).
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With the purpose of a magnetic guide, using the same concept as magnetic stents for vascular disease, 102 magnetic scaffolds have been fabricated by dip-coating conventional bone scaffolds (i.e. hydroxyapatite and collagen) in ferrofluids containing iron oxide NPs. 103 These incorporated MNPs could respond to a magnetic field and provide the scaffolds with magnetization values as high as 15 emu g À1 at 10 kOe. Simulations that were performed for a 1 cm diameter spherical magnetic scaffold showed that the attractive force generated would exceed the weight of a 150 nm MNP within a range of 2-4 mm near the scaffold when the magnetic gradient was more than 13 Oe cm À1 (easily accessible in laboratory and clinical settings). Furthermore, the magnetization of scaffolds did not significantly influence the adhesion, viability, and proliferation of MSCs. Despite still being in the early stage, the authors believed that the magnetic field generated by magnetizing scaffolds could help deliver bioagents for tissue regeneration by deposition of magnetic carriers.
Another strategy is to pre-load cargoes into a magnetic scaffold. After transplantation, the release profile can be controlled by generating mechanical force or heat under external magnetic fields. For example, Hu et al. developed a ferroscaffold using in situ synthesis of iron oxide NPs in the presence of gelatin. In brief, FeCl 2 and FeCl 3 (molar ratio of 2 : 1) were added to a gelatin solution at 40 1C until they were completely dissolved and cooled to 4 1C for gelation. Then, the gel was immersed in NH 4 OH solution to produce iron oxide. After being placed in a freezing bath at À80 1C for 1 day, a ferroscaffold was formed with 50-200 mm pores within the gel, which allowed the release of pre-loaded cargoes (e.g. vitamin B12). 104 The content of MNPs in the scaffold could be controlled to be as high as 9.41% with a saturation magnetization of 23.5 emu g À1 . When an external magnetic field (an electromagnet of B400 Oe) was switched on, the release rate of vitamin B12 was significantly decreased due to deformation of the gel caused by a magnetic inter-particle force, which blocked the pores of the gelatin scaffold. By programming the ''on'' and ''off'' of the magnetic field, stepwise release of growth factors could be achieved. 104 In contrast to ''turnoff'' release, a macroporous alginate scaffold embedded with MNPs (10 nm iron oxide NPs) was fabricated (ferrogel), which allowed reversible deformation and volume changes (up to 70%) under a magnetic field, causing the flow of water through interconnected pores. 105 Therefore, the release of pre-loaded biological agents could be triggered when a magnetic field was turned on. For example, 50% release of mitoxantrone was achieved within 180 minutes (2 minutes magnetic stimulation in every 30 minutes), in contrast to 5% release without magnetic stimulation. A significant increase in the release profile was also found when delivering plasmid DNA and chemokines such as stromal cell-derived factor-1-alpha (SDF-1a). Interestingly, the cargoes were not only restricted to molecules. When modified with arginine-glycine-aspartic acid (RGD) amino acid before gelation, this magnetic scaffold enabled an increase in cell adhesion via RGD-integrin interaction and achieved the release of a prescribed number of fibroblasts in a Petri dish with viability of 95%. Furthermore, on-demand release of mouse MSCs after being implanted subcutaneously into the back region of nude mice was demonstrated. 105 Although promising, typical ferrogels have yet to be optimized for applications as implantable scaffolds. This is because the optimal size (e.g. 2 mm thickness) of implantable scaffolds for small animals (e.g. rodents) is smaller than what has been fabricated for in vitro tests (15 mm thickness). The reduced size will cause a decrease in iron oxide concentration and therefore cannot produce enough volume deformation of ferrogels. Elevation of the iron oxide NP concentration in the gel would stiffen the matrix and cause a potential toxicity issue. Recently, Mooney et al. addressed this problem by fabricating a biphasic ferrogel to replace their former monophasic version. 106 During polymerization, a magnet was placed under the alginate to attract MNPs (Fig. 3A) . Instead of the homogeneous distribution in a monophasic ferrogel, MNPs were only located to one side of the biphasic ferrogel ( Fig. 3B and C). Redistribution of MNPs and an increase in macropore size ( Fig. 3D and E) resulted in increased deformation in comparison to monophasic ferrogels (Fig. 3F) . On-demand release of drugs and viable cells was also demonstrated in the small-sized biphasic ferrogel system. After two weeks following implantation, scaffolds remained at the initial implant site with minimal cell infiltration, which suggests the biocompatibility of this biphasic ferrogel. 106 Engineering cells with MNPs allows remote manipulation of labeled cells and directed targeting to locations of interest. For example, in the case of artery regeneration, endothelial progenitor cells (EPCs) were labeled with Endorem, a type of FDAapproved superparamagnetic iron oxide (SPIO) NPs. 107 A dose of 5 Â 10 5 labeled EPCs was administered to a common carotid artery injury site in a rat model, while a magnetic actuator was placed adjacent to the neck. Engraftment of EPCs onto the injured vascular surface increased around 4 times with the presence of an external magnetic field. 107 Similarly to localized drug delivery in vascular disease, magnetic stents have been developed for targeted delivery of bovine aortic endothelial cells (BAECs) loaded with MNPs into a rat common carotid artery.
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A catheter was introduced via the external carotid into the common carotid near a 304-grade stainless steel stent that was deployed in a common carotid injury rat model. A dose of 0.5 Â 10 6 labeled BAECs was injected through the catheter under a magnetic field of 1000 G and achieved saturated accumulation of 20% of circulating cells near the stent within 50 minutes (10% within the first 6 minutes). However, no detectable cells were captured by the stent without a magnetic field in normal blood flow conditions. 108 It should be noted that the saturation magnetization of the stent, MNPs or MNPs-loaded cells occurred in the range of 0.1 to 0.2 T, which might be provided by a typical MRI system (1 to 3 T) in clinical settings. Therefore, this technology takes a step forward to intervention in targeting human vascular injuries. A similar strategy was used to deliver MSCs to neurological tissues (e.g. retina). 109 Specifically, rat MSCs were labeled with SPIO NPs (fluidMAG-D) before intravitreal injection into a rat which was subject to retinal degeneration. By placing a goldplated neodymium disc magnet outside the eye, researchers increased the amount of deposited MSCs 10 times with minimal collateral damage compared with unlabeled cells. The subsequent increase in the anti-inflammatory molecule interleukin-10 further indicated the therapeutic effect of the delivered MSC in the dystrophic retina. 109 Besides cell therapy, MNPs have also been used in tissue engineering. Commercial SPIO NPs (ferucarbotran) have been used to label MSCs for cartilage and bone regeneration. A preclinical study demonstrated the efficacy of regeneration of articular cartilage and osteochondral defects of the patella was enhanced by accumulating magnetically labeled MSCs in both small and large-animal models. [110] [111] [112] For example, MSCs were labeled with 25 mg Fe per mL ferumoxides overnight using poly-L-lysine as transfection agent. 110 These labeled MSCs responded efficiently under a magnetic field generated by a disk-shaped electromagnet (maximum 0.6 T). Accumulation of labeled MSCs in the chondral defects of rabbit and swine models was observed and confirmed by histological analysis after treatment with a magnetic field for 4 hours, whereas the control group (without magnetic field) did not show any notable attachment of MSCs to the defect area. 110 Despite these interesting achievements, most MNP-based drug/cell delivery strategies are still at the preclinical stage. The challenge lies in the ability of existing magnetic carriers to penetrate through physiological barriers (e.g. the blood-brain barrier, endothelial luminal layer, or soft tissue). There are two potential solutions to address this challenge. One solution is to increase the mobility of magnetic carriers through the extracellular matrix by functionalizing them with a proteolytic surface. 113 Inspired by the process of degradation of the biological barriers of invasive cells, MNPs were immobilized with a microbial protease (e.g. collagenase). When manipulated by an external magnetic field, a significant increase in NP velocity was observed in ECM gel compared to MNPs modified by bovine serum albumin or polyethylene glycol (from 0 to 90 mm h À1 ). Improved penetration can also be achieved with the help of bubble cavitation. When combined with ultrasound, co-administered microbubbles can 
the hedgehog pathway, the transforming growth factor-beta (TGF-beta) signaling pathway, and cytokinecytokine receptor interaction. 119 In a preclinical study, MSCs were genetically engineered to overexpress BMP-2 (BMP-MSC) and subsequently injected bilaterally into paravertebral muscles of the mouse lumbar spine for spinal fusion. The result showed that treatment with BMP-MSCs was as effective as stainless steel pin-based fusion (the gold standard method). Bone-bridging of the targeted vertebrae was achieved with biomechanical rigidity, whereas no bone formation was noted in the control group (MSC without overexpressed BMP-2).
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Despite being promising, the translation of genetically engineered stem/progenitor cells for cell therapy has suffered from low transfection efficiency. Lipofection is the simplest and most cost-effective technique among all transfection methods. However, the transfection efficiency for mouse embryonic stem cells (mESCs) was highly variable, ranging from 3 to 30% depending on the size of the DNA. 121 Yang et al. developed biodegradable polymeric NPs (e.g. poly(b-amino esters)-DNA NPs) to deliver genes to MSCs with a transfection efficiency of 35%, which was higher than other reported methods using electroporation (16%), poly(L-lysine)-palmitic acid (17%), and commercial transfection reagents (e.g. 3% for FuGene and 5% for DOTAP). 122 Viral transfection (e.g. lentiviral transfection) is now the most efficient method for gene transfer but has major limitations to its translation to clinical use for regenerative medicine due to the risk of insertional mutagenesis and oncogene activation. 123 Therefore, to enhance the efficiency of transfection, magnetically guided nucleic acid delivery, known as magnetofection, has been developed. In this method, a magnetic field is used to accelerate the sedimentation of magnetic vectors onto a target cell, which increases the internalized dose of DNA within a given period. 124 During transfection, a magnetic field has been demonstrated to produce no change in the mechanism of cellular uptake. 125 In magnetofection, MNPs are associated with a gene delivery vector (i.e. nucleic acid alone, nucleic acid with a non-viral lipoplex or polyplex, or viral vector) to form a magnetic vector complex. Strategies of fabrication of magnetic vectors include specific ligand-ligand interactions, electrostatic and hydrophobic interactions, and covalent coupling between vectors and MNPs. 124 Transplantation of oligodendrocyte precursor cells (OPC) promotes the repair of myelin damage in neurological diseases and spinal cord injury via the production of new myelin by their daughter cells (oligodendrocytes). This idea has been verified in clinical trials, in which OPCs derived from human embryonic stem cells (hESC) successfully repaired spinal cord injury.
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More interestingly, researchers found that genetically modified OPCs that produce therapeutic proteins (e.g. fibroblast growth factor-2) have higher efficacy in promoting cellular repair, axonal outgrowth, and angiogenesis. Currently, OPCs are mainly transfected by viral methods, which encounter significant risks (e.g. safety issues) and challenges (e.g. large-scale production) when being translated into clinical use. The development of large-scale synthesis of MNPs and their minimal safety issues make them ideal vectors for gene transfection. Magnetofection with a 4 Hz oscillating magnetic field was found to increase transfection efficiency (20.6 AE 2.2% for GFP plasmid) by around 3.5-fold compared to the absence of a magnetic field. 127 The transplantation potential of these transfected cells was tested in brain slices as the host tissue, where the cells were found to migrate, proliferate, differentiate, and integrate well. To further increase the transfection efficiency, a cationic cell-penetrating peptide (e.g. TAT peptide derived from trans-activating transcriptional activator) could be combined with magnetofection to promote cellular uptake. 128 Magnetic vectors were synthesized by mixing polyethyleneimine-coated MNPs with plasmid DNA followed by addition of bis(cysteinyl) histidine-rich TAT peptide. Ternary complexes displayed a fourfold improvement (up to 60%) in transgene expression over binary complexes without TAT peptide. When administered into the spinal cord of rats by lumbar intrathecal injection using a magnet on the back of animals, ternary complexes provided twofold higher transfection efficiency than binary complexes. The generation of induced pluripotent stem cells (iPS) for specific patients is one of the ultimate goals of modern regenerative medicine. However, this emerging approach has been restricted by the use of potentially harmful viral DNAs. Although the efficiency of the generation of iPS cells from mouse cells using a non-viral system was still very low (at 0.0001-0.0012%), it increased to 0.001-0.003% with the help of MNPs. In this case, PEI-coated MNPs were mixed with an iPS gene to form a magnetic complex. 129 These generated iPS cells exhibited embryonic stem cell-like characteristics, which indicated safe non-viral generation of iPS cells. 3.2.3 Cell patterns and construction of 3D tissue-like structures. In regenerative medicine, biodegradable biomaterials have been widely used to fabricate scaffolds for the reconstruction of tissues or organs. However, their clinical applications have been restricted by insufficient deposition of cells on scaffolds and subsequent inflammation after implantation. One example is muscle engineering, in which cell-cell interaction is essential for muscle differentiation. In brief, differentiation of skeletal muscle is dependent on substrate stiffness [130] [131] [132] [133] [134] [135] and topographical cues. [136] [137] [138] [139] As MSCs are multipotent stromal cells that can undergo myogenic differentiation, they are suitable for muscle engineering. Therefore, we developed a patterned film for the generation of highly aligned MSCs, which subsequently displayed potential for myogenic differentiation with higher expression of myogenic genes compared to unpatterned PCL films. 140 Although we have managed to prolong cellular alignment to 14 days, longer-term patterning abilities may be required, which may not be provided by topographical cues due to the masking effect caused by cell layers after achieving high levels of confluence. Therefore, MNPs may be employed for this purpose. Thus, scaffold-free highly ordered 3D cell patterns are an alternative to or even more suitable for the construction of muscle tissue. To date, the main problem with tissue-engineered constructs is their lack of structural complexity and precision. In order to reproduce complex tissues using functional constructs, well-defined spatial organization of cells is required. Although cell patterning methods such as microcontact printing and lithography have been developed, they need specialized surfaces and prolonged procedures. Consequently, using an external force such as an electric field, optical trap, or magnetic field for spatial cell patterning may be an alternative simple approach.
Ito et al. labelled cells with magnetite NPs (10 nm) using cationic liposomes as carriers (MCL). When steel plates that were placed on a magnet were positioned under a cell culture surface, the magnetically labelled cells aligned with the steel plates ( Fig. 4A and B 142 Multilayered sheets of human MSCs that were formed by magnetic construction (Fig. 4C) have been demonstrated to be feasible for scaffold-free bone regeneration when transplanted into a bone defect in the crania of nude rats (Fig. 4D-F) . 143 Fabricated cell sheets can be further constructed into 3D tissue-like structures. For example, when a cylindrical magnet was rolled onto a cell sheet, a tubular structure was formed even after the removal of the magnet. Tubular layers of monotypic urothelial cells and heterotypic layers of endothelial cells, smooth muscle cells and fibroblasts were created, which have the potential to regenerate urinary tissue and vascular tissue, respectively. 144 To regenerate skeletal muscle tissue, the myogenic cell line C2C12 labelled with MNPs was linearly patterned on a monolayer of fibroblast cells under a magnetic field. C2C12 cells could differentiate, fuse, and form multinucleated myotubes. 145 The expression of muscle-specific markers and an increase in creatine kinase activity during differentiation were further observed. The physiological functionality of artificial skeletal muscle tissue was demonstrated by contraction in response to electric pulses. 146 In another study, iPS cell sheets that were created by the MTE method have been demonstrated to accelerate revascularization for reparative angiogenesis. 147 148-150 Uniform cell coverage was found on the magnetized scaffold when transplanted into porcine carotid arteries after one day. However, relatively few labelled cells were seen on the scaffold without a magnetic field because of the blood flow. 151 Another interesting example, which provides an alternative to biodegradable porous scaffolds, is 3D cell culture technology that uses magnetic forces to levitate cells while they divide and grow. 152, 153 Compared with cell cultures grown on flat surfaces, 3D cell cultures tend to form tissues that more closely resemble those inside the body. A hydrogel that encapsulated MNPs and a filamentous bacteriophage was levitated in a medium by placing a coin-sized magnet on top of the lid of the dish. Interestingly, by spatially controlling the magnetic field, the geometry of the cell mass could be manipulated and multicellular clustering of different cell types in co-culture could be achieved. 152 Using a 3D levitation tissue culture system, a model of white adipose tissue was reconstructed with closer cell positioning, longer survival time, and more efficient formation of lipid droplets in comparison to a 2D culture system. 154 Magnetic assembly of microscale tissues/subunits is currently under the spotlight in tissue engineering and regenerative medicine. Scaling up microtissues into larger tissues using magnetic control provides the possibility of creating well-defined 3D architectures with tissue-specific functions (assembly of different functional microtissues). Using this concept, Liu et al. fabricated microcryogels (i.e. gelatin) loaded with MNPs with the encapsulation of different cells by on-chip cryogelation and micromolding (Fig. 5A) . 155 These microtissues were controllable in a microfluidic device ( Fig. 5B ) and had three advanced applications. First, when magnetic microcryogels loaded with hepatic cells (liver functional cells) (Fig. 5C ) were co-cultured with non-magnetic microcryogels loaded with stromal fibroblast cells (supporting cells), liver functions, including albumin expression and urea synthesis, were significantly higher compared to hepatic cells in a mono-culture system. Subsequent separation of the hepatic cells from the supporting tissues was easily achieved with a magnet (Fig. 5D ), which could be used for drug hepatotoxicity testing. Second, the self-assembly of microtissues into larger tissues could be either random (magnetic field only) or shape-directed (with a magnetic field and the addition of supplementary structural blocks) (Fig. 5E ). Third, the engineered tissue could be tracked in vivo by MRI after transplantation (Fig. 5F ).
As the field of regenerative medicine has evolved, attention has been focused on recreating the extracellular microenvironment of tissues. 156 The hierarchically organized nanocomposite (an intricate interweaving of fibrillar collagen or elastin fibers ranging from 10 to hundreds of nanometers) of extracellular matrix (ECM) regulates essential cellular functions such as morphogenesis, differentiation, proliferation, adhesion and migration. 157 This was demonstrated by reconstruction of a rat heart by seeding cardiac and endothelial cells onto decellularized rat hearts that retained the underlying ECM. 158 After 8 days, migration and selforganization of cells in the matrix were found in their natural location. The constructs could perform the pump function under physiological load and electrical stimulation. 158 Therefore, the ability to develop artificial ECMs with a defined nanostructure on a scaffold may have significant value for tissue engineering and regenerative medicine. Ingber et al. first developed a method for magnetic selfassembly of fibrin matrices with ordered nanoscale structure. 159 Superparamagnetic beads were coated with thrombin, which was able to catalyze in situ the formation of fibrin protein from fibrinogen. Soluble fibrin monomers then self-assembled into fibrin fibers along the bead-bead axis. By magnetically organizing the magnetic beads into periodically ordered arrays (e.g. hexagonal arrays) at the air-liquid interface, oriented nanoscale fibrils were formed within minutes. Human microvascular endothelial cells that were seeded on these fibrin scaffolds could adhere to and spread along the fibers and their actin filaments aligned with the fibrin nanofibers. 159 
Magnetic nanoparticles and bioimaging: real-time visualization and tracking stem cells by MRI
Molecular imaging can help researchers and clinicians understand the fate, distribution, and function of therapeutic cells after transplantation. Imaging techniques include optical imaging, MRI, and radionuclide imaging. Typically, contrast agents are required to label cells and generate a signal that is distinguishable from the background of the host tissue. Optical imaging modalities suffer from limitation of their penetration depth (o5 mm) in the human body, which is dependent on the wavelength of the applied light. Radionuclide imaging modalities (e.g. single-photon emission computed tomography, positron emission tomography) possess optimal sensitivity in medical imaging. However, drawbacks exist such as the impossibility of longitudinal cell tracking (due to the low retention time of contrast agents), lack of anatomical information and risks to human health.
MRI provides excellent soft tissue contrast with high spatial resolution and can be used for visualization of single cells against a homogeneous background. This technique is based on the principle that magnetization of hydrogen protons in the human body will be aligned with an applied external magnetic field. The presence of MNPs shortens the spin-spin relaxation time and thus produces a negative (decreased) signal in T 2 and T 2 *-weighted MR images. 21 Therefore, by labeling the cells/tissues of interest with MNPs, we can visualize them non-invasively.
With this aim, our group have been actively involved in the development and use of MNPs for cell tracking. 169 Autologous neural stem cells were first collected and cultured during an emergency operation. Then the cells were loaded with Feridex I.V. (SPIO) in the presence of Effectene (a lipofection reagent). After stereotactic implantation of these neural stem cells around the region of brain damage, MRI with a 3.0 T system was performed to image the brain at 24 hours and then every 7 days after transplantation (total 10 weeks). After one week, labeled neural stem cells were found to migrate from the injection site to damaged areas, with accumulation and proliferation around the lesion. The signal increased during the second and third weeks, but could not be observed after 7 weeks due to dilution of the signal caused by cell proliferation. 169 Control patients were injected with neural stem cells with no labeling. After implantation, no pronounced change in signal was found around the lesion. 3.3.2 Magnetic nanoparticles for uncovering the functions of cells. Despite the above successes, cell tracking by MRI is still confined to understanding the biodistribution of transplanted therapeutic cells. Lack of information about the function and fate of stem cells following engraftment is a key deficiency. 170 One idea is to combine MRI with sensors to form a multifunctional platform for acquiring information about both location and function (e.g. viability, differentiation). A recent example is a new contrast mechanism of MRI based on chemical exchange saturation transfer (CEST). 171 The use of radio-frequency saturation pulses to detect protons that exchange rapidly with water provides them with the ability to sense pH. Specifically, CEST contrast is based on measuring the drop in the signal intensity (DS) of water (at 0 ppm) after selective saturation of the NH protons in L-arginine at 2 ppm (Fig. 6A) . The saturated protons from the NH groups then exchange with unsaturated protons from the surrounding water molecules, causing a drop in the signal of water (DS). A low-pH environment provides more exchangeable protons that prevent a drop in the signal of the surrounding water (reducing DS), thus causing a significant drop in CEST contrast. By encapsulating an L-arginine liposome, protamine (both of them providing abundant NH protons), and human hepatocytes (HepG2 cells) in alginate microcapsules (LipoCEST microcapsules), Chan et al. demonstrated an MRI technique based on pH nanosensors that can monitor cell death in vivo (Fig. 6B and C) . resulting from cell division and exocytosis. After a few cycles, only a fraction of cells contain MNPs and become undetectable. One approach is to increase the signal of a single particle so as to be strong enough to be detected by MRI even after dilution. Furthermore, our recent research demonstrated that NPs with a size larger than 400 nm possess a retention time in stem cells of more than one month compared to those with smaller sizes. 172 Therefore, we have developed PLGA microparticles (1-2 mm) loaded with iron oxide (IO) NPs (10 nm) as contrast agents for MRI-based tracking of stem cells (Fig. 7A-D) . 164 Encapsulation of IO NPs in PLGA significantly increased their magnetic relaxivity (r 2 ) value from 61.16 to 316.6 mM À1 s À1 (Bfivefold) compared to bare IO NPs and resulted in an increased R 2 signal when scanned by a 4.7 T MRI system after subcutaneous injection of 45 mL 3% agarose suspension of either IO NPs or IO/PLGA-MPs on the back of a mouse (Fig. 7E) . Prolonged MRI signals from stem cells labeled with PLGA MPs were demonstrated and confirmed by the increase in residual Fe per cell compared to labeling with IO NPs during 25 day monitoring ( Fig. 7F and G) . 164 Another approach to addressing signal dilution would depend on engineering stem cells to selfproduce MNPs. The Magnelle s developed by Bell Biosystems used a synthetic organelle to make cells synthesize MNPs from intracellular iron. The Magnelle could self-replicate and therefore its magnetic properties were not reduced during cell division. imaging platforms (e.g. Au-Fe 3 O 4 dumbbell NPs for MRI and optical imaging), which could provide improved spatial resolution (up to detection of single cells) and the possibility of sensing cellular function. 174 For example, our group have synthesized Au-Fe 3 O 4 dumbbell NPs by decomposing iron pentacarbonyl on the surfaces of Au NPs in the presence of oleic acid and oleylamine, with sizes of 8-20 nm (core particle diameter). 174 By functionalizing them with epidermal growth factor receptor antibody (EGFRA) on the Fe 3 O 4 surface, these 8-20 nm Au-Fe 3 O 4 NPs can target A431 cells (epidermoid carcinoma) that overexpress EGFR and visualize these cells by both T 2 -weighted MRI and optical imaging. It is worth noting that the modified nanoparticles exhibit negligible toxicity towards A431 cells at 0.01 mg Fe per mL and 0.004 mg Au per mL. The fact that dumbbell NPs are able to image exactly the same tissue area by both MRI and optical sources implies that they can be used to provide an anatomy scan (MRI) and detection of single cells (optical imaging) in regenerative medicine. 174 Other multifunctional imaging platforms such as Fe 3 O 4 -CdSe heterodimer NPs 18 (CdSe for fluorescence imaging) and gold-coated magnetic silica NPs (gold shell for photoacoustic imaging) 28 have demonstrated the ability to integrate fluorescence imaging and photoacoustic imaging with MRI.
MNPs and therapeutic cells promote cell proliferation
In regenerative therapies that rely on the transplantation of therapeutic cells, one bottleneck is the ex vivo expansion of the cells. To take bone tissue engineering as an example, the use of fresh bone marrow aspirates was the first effective cell-based approach for bone regeneration. However, the quantity of osteoprogenitors in bone marrow was dependent on the age and health of patients. As a result, in some cases cell numbers were not sufficient to produce a therapeutic effect. 175 Therefore, to date most research has focused on the isolation, maintenance, and expansion of stem or progenitor cells. 7 Regarding the labeling of cells with MNPs, most research has focused on MNPs' ability to enhance MRI, as well as their safety issues (e.g. cytotoxicity). Nevertheless, it is interesting to note that some pioneers have been keenly aware of other bioeffects of MNPs, especially on cell growth and differentiation. The ability to increase osteoblast density in the presence of MNPs for bone tissue engineering was first explored by Rajesh et To control and activate the cellular functions of stem cells after transplantation holds great promise for enhancing the efficacy of regenerative medicine. Mechanical stimulation has been demonstrated to be very important for osteogenic differentiation of MSCs, which triggers the mechanotransduction signaling pathway. As mentioned above, bioreactors not only improve the efficiency of mass transfer but also provide sufficient shear stress that can trigger mechanotransduction signaling pathways, thus upregulating the production of cyclic adenosine monophosphate (cAMP), TGF-beta 1, and nitric oxide. 40, 189 In addition to biochemical molecules that are involved in cell signaling pathways, mechanical cues also provide significant stimulation to promote the production of functional tissue matrix. Binding MNPs to a cell membrane would allow us to remotely control specific cellular behavior in vitro or even in vivo, due to the response to a magnetic field. There are several ways in which actuation of MNPs controls cellular behavior. [190] [191] [192] (1) 193 This process has been demonstrated to stimulate intracellular calcium stores, change membrane potential, and upregulate genes related to bone formation. Selective activation of the TREK-1 ion channel, which is a stretch-activated potassium channel, could also be achieved by linking MNPs to 6-His-loop mutant TREK-1 in COS-7 cells by an antibody or nickel and nitrilotriacetic acid (Ni-NTA). Under a 1 Hz magnetic field (B80 mT), targeted MNPs were manipulated, which led to changes in whole-cell currents as well as TREK-1 activity. 194 The significant upregulation of cartilagerelated genes in MSCs further demonstrated that this process is able to specifically activate the TREK-1 ion channel in the cartilage differentiation pathway. Based on these results, Dobson et al. summarized this technique, which applies mechanical forces (in the pico/nanonewton range) directly to molecular components of cells by magnetic actuation, as a ''magnetic force bioreactor'' (MFB). By targeting MNPs to platelet-derived growth factor receptor-a (PDGFRa), they have demonstrated a significant increase in the mineral to matrix ratio of human MSCs after 3 weeks MFB culture and proposed a possible mechanism (Fig. 9) . The response profile of stimulation mediated by PDGFRa was strong in the early stage (within 7 days), whereas stimulation mediated by integrin was strong in the medium term (7 to 10 days). 195 More recently, this group demonstrated successful expression of smooth muscle a-actin on both protein and gene levels by cyclical mechanical stimulation of PDGFR a and b on MSCs. 196 
Challenges and the future
As discussed so far, MNPs can have their physicochemical properties tailored or be combined with other types of materials to fit the desired application in regenerative medicine, especially when helping to translate current preclinical research into effective treatments. Despite being promising, several challenges still need to be overcome (Table 1 ).
Safety
Although MNPs have been approved and used in clinical applications, research has demonstrated that the toxicity of MNPs is multifactorial and depends on their composition, properties (such as size, surface characteristics), dose, and route of administration. For example, when incubated with an A549 alveolar epithelial cell line at a high dose (80 mg mL À1 ), 30 nm Fe 3 O 4 particles caused higher oxidative damage to DNA compared to 0.5 mm particles in a comet assay. 197 In terms of surface characteristics, a PEG coating prevents a significant decrease (64%) in cell (primary human fibroblasts) adhesion, cell membrane abnormalities and disruption observed for uncoated iron oxide NPs (50 nm). 198 The accumulation and clearance of the same MNPs in different organs or tissues are also different, which causes a variation in LD 50 values. 199 This indicates a variation in the toxicity of MNPs when adopting different routes of administration.
There are concerns about the excessive release of free iron from MNPs in vivo, because this can facilitate the generation of free radicals, leading to oxidative stress and disruption in liver metabolism. 200, 201 Excess accumulation of MNPs in the brain may also cause oxidative stress by interactions between iron and proteins (e.g. amyloid peptide, metallothionein or neuromelanin) and therefore lead to the risk of neurodegenerative diseases such as Alzheimer's and Parkinson's disease. 202, 203 As a consequence, it is critical to comprehensively investigate the safety issues of MNPs case by case prior to their clinical use. A number of in vitro toxicity exit investigations have shown no adverse side effects of MNPs in regenerative medicine; however, long-term in vivo studies are highly needed.
Formation of protein corona
Decades ago, researchers already found that particles that are administered intravenously will be coated with a layer of proteins (i.e. a protein corona) right after injection (within less than 0.5 minutes). 204 Recent research has further shown that there are almost 300 kinds of proteins involved. 205 The exact amount and type of proteins adsorbed on the surface of NPs depend on the physicochemical properties of NPs (e.g. size, surface charge, etc.) as well as the sources of protein in different biological fluids. These protein coronas modulate the pathobiological effects of NPs. For example, a protein corona coating allowed silica NPs to prevent aggregation of thrombocytes. 205 In brief, fresh isolated human thrombocytes were activated rapidly when exposed to silica NPs without a protein corona, which was similar to the natural stimulus by collagen. In contrast, silica NPs re-exposed to human plasma for 0.5 min did not activate thrombocytes. In another study, a protein corona (formed in fetal bovine serum) dramatically decreased the relaxivity of amine-dextran (positive charge)-coated MNPs, slightly increased the relaxivity of carboxyl-dextran (negative charge)-coated MNPs, and had no effect on plain MNPs (dextran coated). 206 When MNPs were coated with polyvinyl alcohol instead of dextran, there were more proteins on the surface of MNPs, which prolonged their circulation. 207 In another interesting study, 3.5 nm
MNPs with different charges were intravenously injected into mice and the mouse brains were imaged by MRI in real time. Both plain and negatively charged MNPs were observed in the brain vessels with strong signals 5 minutes after injection, but positively charged MNPs were not found there. 208 This phenomenon was believed to be related to the formation of a unique protein corona (high presence of ApoA-I), which caused uptake of MNP by the brain tissue. [197] [198] [199] Release of free iron [200] [201] [202] [203] Comprehensive preclinical study, case by case Utilize surface coating (e.g. PEG) 198 and biodegradable microparticles (e.g. PLGA) 164 (2) Formation of a protein corona [204] [205] [206] [207] [208] Fingerprint protein coronas and evaluate their biological effects for specific MNPs (3) Transplant rejection 209 Magnetic scaffold for controlled and localized release of immunosuppressive drugs Magnetic semipermeable microcapsules for MR-visible immunoisolation 213 
(4) MRI imaging
Signal dilution 164 Lack of information about cellular function Utilize biodegradable microparticles (e.g. PLGA) 164 In general, the composition, formation dynamics, and functions of protein coronas have not yet been well understood. Unexpected results might emerge when translating MNP to clinical use without a comprehensive understanding of these protein coatings. To fully understand and even potentially make use of protein coronas, fingerprint information about protein coronas for specific MNPs is desired and could be collected by combining quantitative proteomics, state-of-theart mass spectroscopy, bioinformatics and systems biology.
Transplant rejection
Currently, the problem with transplanting cells into patients is immune rejection by the body, where the immune system attacks and kills the injected cells. In clinical treatments, immunosuppressive drugs are usually co-administered with the transplanted cells. However, these drugs are coincidentally very toxic to the transplanted cells, which compromises the efficacy of these treatments. 209 By using a hydrogel scaffold with incorporated MNPs, on-demand localized release of immunosuppressive drugs can be achieved after transplantation simply via an external magnetic field. This strategy not only reduces the side effects of immunosuppressive drugs, but also visualizes the transplanted cells by MRI and lets the doctor know if the cells have been injected correctly and are surviving after transplantation.
Another strategy relies on the immunoisolation of transplanted cells in semipermeable microcapsules that prevent or delay immune rejection following transplantation. [210] [211] [212] Bulte et al.
developed MR-visible alginate microcapsules for immunoisolation and non-invasive imaging of cellular therapeutics. 213 These microcapsules are fabricated via three steps: (i) mixing liquid alginate, cells and MNPs to form a micro-sized (average diameter B350 mm) solid gel by electrostatic extrusion; (ii) coating gelled spheres with a polycation (e.g. poly-L-lysine) as a crosslinker; and (iii) incubating again in alginate solution to form a secondary alginate layer (semipermeable). This double alginate layer not only allows the diffusion of chemicals and proteins but also prevents the attack of immune cells. 213 Therefore, this magnetic microcapsule opens up the possibility of immunoisolating xenogeneic grafts.
Signal dilution and lack of information about function in MRI imaging
Signal dilution, which is an issue for long-term in vivo tracking of stem cells, is the loss of a signal resulting from cell division and exocytosis. Currently, the most commonly used MRI contrast agents for cell tracking are iron oxide NPs with core size ranging from 4 to 20 nm. However, all of these suffer from a time-dependent decrease in MRI signal. For example, residual Fe in MSCs labeled with iron oxide NPs decreased to 30% at day 5 and undetectable levels at day 12. 164 Therefore, concentrating
MNPs in biodegradable polymer microparticles or engineering therapeutic cells with the ability to self-synthesize iron oxide NPs has the promise of addressing this problem. As mentioned before, the lack of information about the function and fate of stem cells following engraftment has confined tracking of stem cells by MRI to understanding the biodistribution of transplanted therapeutic cells. Multifunctional MNPs such as Janus NPs that provide dual contrast for both MRI and other imaging methodologies (e.g. fluorescence and photoacoustic imaging) may allow the acquisition of more information compared to MRI tracking alone. New technology such as CEST imaging, which could sense the pH of the microenvironment, is of great significance in future clinical imaging.
Lack of effective magnetic field gradient
Currently, most magnetic controllers consist of a permanent magnet, which is placed near the target site. As reported, most commercially available magnets can only penetrate a tissue depth of a few millimeters. The development of a new type of magnetic control system, as well as the synthesis of MNPs with high magnetic moments, may solve this problem. Superconducting magnets such as SmBaCuO and YBaCuO can generate strong magnetic gradients with a penetration depth of 20 mm. 214 Permanent neodymium-iron-boron magnets (magnetic field strength ranging from 250 to 1000 G) could be combined with MNPs with higher magnetic susceptibility (e.g. ) are doped into the spinel structure of ferrite, and metallic MNPs (alloys) with a high magnetic moment are also promising. It should be noted that systematic and comprehensive evaluation of the safety of new forms of MNPs is a prerequisite before any clinical application.
Large-scale fabrication and packaging
Although the large-scale production of commercial MNPs has been achieved, various delicately designed MNPs, MNP-based scaffolds/stents, and specialized magnet systems are still confined to laboratory use. The large-scale fabrication, packaging, storage, and delivery of cellular therapeutics or engineered tissues for regenerative medicine still need to be addressed before being translated to clinical settings.
